Karabanov A, Jin S, Joutsen A, Poston B, Aizen J, Ellenstein A, Hallett M. Timing-dependent modulation of the posterior parietal cortex-primary motor cortex pathway by sensorimotor training. Interplay between posterior parietal cortex (PPC) and ipsilateral primary motor cortex (M1) is crucial during execution of movements. The purpose of the study was to determine whether functional PPC-M1 connectivity in humans can be modulated by sensorimotor training. Seventeen participants performed a sensorimotor training task that involved tapping the index finger in synchrony to a rhythmic sequence. To explore differences in training modality, one group (n ϭ 8) learned by visual and the other (n ϭ 9) by auditory stimuli. Transcranial magnetic stimulation (TMS) was used to assess PPC-M1 connectivity before and after training, whereas electroencephalography (EEG) was used to assess PPC-M1 connectivity during training. Facilitation from PPC to M1 was quantified using paired-pulse TMS at conditioning-test intervals of 2, 4, 6, and 8 ms by measuring motor-evoked potentials (MEPs). TMS was applied at baseline and at four time points (0, 30, 60, and 180 min) after training. For EEG, task-related power and coherence were calculated for early and late training phases. The conditioned MEP was facilitated at a 2-ms conditioning-test interval before training. However, facilitation was abolished immediately following training, but returned to baseline at subsequent time points. Regional EEG activity and interregional connectivity between PPC and M1 showed an initial increase during early training followed by a significant decrease in the late phases. The findings indicate that parietal-motor interactions are activated during early sensorimotor training when sensory information has to be integrated into a coherent movement plan. Once the sequence is encoded and movements become automatized, PPC-M1 connectivity returns to baseline.
paired-pulse tms; EEG coherence; motor learning; functional connectivity MOTOR SKILLS INVOLVE LEARNING and performing movement sequences. Planning and execution of these complex sequences relies on incorporation of information from different sensory modalities into a movement plan. The posterior parietal cortex (PPC) has both sensory and motor properties, plays a pivotal role during sensorimotor integration, and acts as a sensorimotor interface (Andersen 1987; Buneo and Andersen 2006; Iacoboni 2006; Rushworth and Taylor 2006) . Even though most studies have focused on the role of the PPC in visualmotor integration, there are several imaging studies suggesting that both auditory-motor and visual-motor integration during motor learning are reflected by activity in the PPC (Garraux et al. 2005; Karabanov et al. 2009; Lewis et al. 2004 ). Sensorimotor integration is critically important during hand motor control, and several EEG and functional magnetic resonance imaging (fMRI) studies have demonstrated PPC activity during a multitude of hand-motor tasks Wheaton et al. 2005 Wheaton et al. , 2009 . The pivotal role of the PPC in both sensory integration and hand motor control makes it one of the key structures in manual tasks that rely heavily on sensorimotor integration such as synchronizing finger tapping to an external stimulus.
Anatomically, the PPC is heavily interconnected with motor and premotor areas (Makris et al. 2005; Petrides and Pandya 1984; Tanne-Gariepy et al. 2002) . Noninvasive brain mapping has given researchers a wide range of tools to study functional connectivity between different brain regions in humans, such as paired-pulse transcranial magnetic stimulation (TMS) and electroencephalography (EEG) that allow the assessment of functional connections between motor and parietal areas.
Paired-pulse TMS can be used to assess pathways within the motor system and involves a conditioning-test paradigm in which a conditioning stimulus (CS) is delivered to a cortical site of interest followed by a suprathreshold test stimulus (TS) to M1 (Civardi et al. 2001; Ferbert et al. 1992; Hallett 2007; Sanger et al. 2001; Ziemann et al. 1996) . Koch et al. (2007) used paired-pulse TMS to assess connections between the PPC and the ipsilateral M1 at rest. They found that a CS over the PPC facilitated the MEP elicited by the TS if pulses were given at specific intensities and ISIs. In subsequent studies Koch and colleagues demonstrated that the influence of the PPC on the ipsilateral M1 was modified during planning of reaching and grasping movements (Koch et al. 2008a (Koch et al. , 2010 .
EEG can also be used to investigate functional connectivity. Task-related coherence (TrCoh) is a measure of interregional coupling during a steady-state behavior that is computed by correlating oscillatory activity of different electrodes in the frequency domain. TrCoh is often complemented by taskrelated power (TrPow), which gives insights to regional activation by measuring the magnitude of neural oscillations during steady-state behavior. A wide array of studies have used EEG to investigate both functional coupling and regional activation during motor tasks (Andres et al. 1999; Gerloff et al. 1998; Manganotti et al. 1998; Rietschel et al. 2011 ). For example, Andres et al. (1999) investigated changes in TrCoh and TrPow before and after a bimanual motor sequence learning session. They showed that interregional connectivity between right and left M1 was high at the beginning of bimanual training and decreased at the end of the learning session. Additionally, they reported that parietal-motor connectivity was increased throughout the training session.
The primary purpose of our study was to determine whether functional connectivity between PPC and M1 can be modulated by sensorimotor training. A secondary purpose was to determine whether changes in functional connectivity would be dependent on the sensory modality used during motor training. Paired-pulse TMS was used to assess PPC-M1 functional connectivity before and after a sensorimotor training task that required participants to tap their finger synchronously with either a visual or an auditory stimulus. EEG was used to assess PPC-M1 connectivity during practice. TrPow and TrCoh were calculated for the first and the last minute of the training session to quantify functional connectivity during early and late phases of motor learning, respectively. In contrast to the EEG study done by Andres et al. (1999) , we chose to use a temporal motor sequence (e.g., rhythmic structure) since the PPC has been shown to be equally involved in both spatial and temporal motor sequences (Garraux et al. 2005) .
TrCoh between PPC and M1 was expected to be highest during early motor training since this period requires the greatest attention to the details of sensorimotor integration. In addition, it was hypothesized that modulations in the PPC-M1 pathway would outlast the training session and that the parietal-motor connectivity would be facilitated transiently by sensorimotor training.
MATERIALS AND METHODS

Population
Nineteen healthy volunteers (mean age 32.1 Ϯ 8.3 years, 8 male) participated in the study. All participants were right-handed. They did not play an instrument, and had not received formal musical training for Ͼ5 years throughout their lives; this criterion was added to ensure that all participants were at a similar level in terms of rhythmic skills for the temporal sequence task. One participant had to be excluded due to failure to perform the task properly and one due to technical problems during TMS stimulation; therefore, only 17 participants were included in the TMS analysis. EEG was recorded for 14 of these participants. The study was approved by the Neuroscience Institutional Review Board (IRB) of the National Institutes of Health (NIH). All participants gave their informed oral and written consent before the experiments in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) and the NIH guidelines.
Experimental Procedures
EMG setup. Participants were seated in a comfortable armchair with both arms resting on a pillow placed on their laps during both training (including EEG) and TMS sessions. Electromyogram (EMG) activity of the right first dorsal interosseus muscle (FDI) was recorded throughout the experiment in a belly-tendon montage using Ag-AgCl surface electrodes. Impedances were kept Ͻ5 k⍀. EMG signals were collected using a Viking IV EMG machine (Nicolet Biomedical, Madison, WI), bandpass-filtered at 20 to 2,000 Hz. The amplified analog outputs from the Viking were digitized at 5 kHz using LabView software (National Instruments, Austin, TX), and stored for offline analysis.
Experimental Setup and Learning Task
The full experimental procedure is summarized in Fig. 1 . The experiment started with a paired-pulse TMS session. After the initial TMS measurement participants performed 10 min of sensorimotor training that required tapping the right index finger in synchrony to a rhythmic sequence. The rhythmic sequences that each participant learned were nine intervals long, had a total duration of 6 s, and were composed of five 400-ms intervals, two 800-ms intervals, and two 1,200-ms intervals. All component intervals were thus low-integer multiples of 400 ms and were arranged to produce a metrical rhythm of a type commonly found in Western music. The sequence had the temporal structure 400 -400-400-400-800-800-400 -1,200 -1,200. One group of participants (n ϭ 8) learned the rhythmic sequence by visual stimuli (blinking square on a computer screen); the second group (n ϭ 9) learned the identical sequence by an auditory stimulus (beep) presented via headphones. Of the 14 participants for which EEG was recorded during the sensorimotor training task 7 learned the sequence by auditory and 7 by visual stimuli. During the learning task, Fig. 1 . Displays the study full design. t pret 180 -TMS indicate the paired-pulse TMS sessions performed prior the rhythm tapping task (t pre ) as well as at four time points after the tapping task (t 1 ϭ 0 min; t 2 ϭ 30 min; t 3 ϭ 60 min; t 4 ϭ 180 min). The motor training is divided into 1) 1 min of rest, used as baseline for the EEG analysis, 2) a 10min-long rhythm learning task in which participants learn to synchronize index finger tapping to a rhythmic sequence, and 3) a "dual task" in which the same sequence has to be performed by memory while counting the occurrence of a specific letter on the computer screen. The bars in the "Sensorimotor Training" box indicate the structure of the sequence that was presented. Time is indicated in seconds on the arrow. participants had their right hands placed on a four-key button box that was attached to the pillow supporting the right arm. They were instructed to use only their index finger and the corresponding key on the button box during the tapping task. All participants wore headphones (auditory stimulus) or earplugs (visual stimulus) to shield them from outside noises. After completing the learning task, participants had to perform a short dual task to test automaticity. During this 60-s task, the previously learned rhythm had to be performed from memory without any external cues. Automaticity was evaluated by having subjects perform a visual letter-counting task simultaneously. For the letter-counting task, letter sequences consisting of a random series of the letters A, G, L, and O were presented on a screen and subjects were asked to identify the number of times they saw a target letter (A) on the screen during the 60-s task. Directly after the training session, as well as 30, 60, and 180 min after, additional paired-pulse TMS sessions were done. All four posttraining TMS sessions were identical to the pretraining session and were done at rest. All TMS sessions were performed at rest with the participants' hands placed on their laps. Subjects were instructed not to type, write, text, or do any other manual work during the breaks.
EEG Recording and Preprocessing
Directly after the initial TMS session the participants were prepared for the EEG recording. EEG was recorded first during a 1-min resting period and after that continuously throughout the 10-min sensorimotor training task (see Fig. 1 ). EEG signals were recorded from 32 surface electrodes mounted on a cap (Electro-Cap International, Eaton, OH) using the international 10 -20 system referenced to the right earlobe electrode (A2). The left earlobe electrode (A1) was recorded as a separate channel, and we converted the EEG signals into the digitally linked earlobe reference before further analysis. Bipolar recordings of the vertical and horizontal electrooculogram (EOG) and surface EMG from the FDI muscles were simultaneously recorded to monitor eye and finger movements. Signals were amplified (Neuroscan, El Paso, TX), filtered (DC-100 Hz), and digitized with a sampling frequency 1 kHz.
Resting-state EEG was recorded for 1 min while the participants were looking at a fixation cross on a computer monitor. Resting-state EEG was followed by the 10-min sensorimotor training session during which EEG was constantly recorded. The first and last minutes of this recording were used for EEG analyses. The EEG analysis was focused on the electrodes corresponding roughly to stimulation spots during TMS (electrodes C3 and P3). Electrode C4 (right M1) and the interaction between electrodes C3 and C4 (bilateral primary motor cortices) were used in a separate analysis as a control for the specificity of the C3-P3 findings.
Epoching was done with a length of 1,024 ms, and linear trends were removed from the entire epoch. For artifact removal, an infomax independent component analysis (ICA) algorithm (Bell and Sejnowski 1995) implemented in EEGLAB (Delorme and Makeig 2004) was used. ICA-corrected EEG signals are assumed to be artifact-free data reflecting brain activity, and no influence of ICA on power and coherence estimation is expected.
Spectral power for the artifact-free EEG signals was calculated using a fast Fourier transformation (FFT) with Hamming windows. FFT were performed for each 1,024-ms epoch and all electrodes without overlapping between consecutive epochs. Spectral power was calculated for all frequency bins between 0.5 and 97.2 Hz, with 0.98 Hz of frequency resolution. FFT-based power for each epoch was averaged for each time period for the first and for the last minutes, respectively.
Normalized TrPow in an electrode was expressed as the percentage of spectral power during rest (Pow rest ) compared with the spectral power during task condition (Pow task ) (Hummel et al. 2002; Jin et al. 2012) . In this way, the effects of intersubject variation in absolute spectral power values were reduced Hummel et al. 2002) .
TrPow͑%͒ ϭ ͓͑Powtask Ϫ Pow rest͒ ⁄ Pow rest͔ ϫ 100
Since regional cortical activation disrupts neuronal oscillations and decreases regional power, negative TrPow values represent higher cortical activity during task than that at rest (Andres et al. 1999; Classen et al. 1998; Manganotti et al. 1998; Zhuang et al. 1997 ). Broad-band power changes were obtained by averaging the power values over all segments for alpha (8.3-12.2 Hz), low beta (15.1-20.0 Hz), and low gamma (29.9 -44.6 Hz) bands.
The task-related coherence (TrCoh) was calculated in a similar fashion as calculating TrPow.
TrCoh͑%͒ ϭ ͓͑Cohtask Ϫ Coh rest͒ ⁄ Coh rest͔ ϫ 100 "Coh" denotes coherence between two EEG signals and was calculated using the cross-spectrum normalized by the auto-spectra. Positive values indicate stronger coherence during the task; negative values indicate higher coherence at rest. Broadband coherence changes were obtained by averaging the coherence values over all segments for each of the above-mentioned frequency bands. Due to volume conduction occipital alpha activity often contaminates the EEG signal in the alpha band (Andrew and Pfurtscheller 1996) . Partial coherence can be used to control for this effect (Rosenberg et al. 1989 ). In the present study, partial coherence was calculated for the alpha band according to Mima et al. (2000) . No contamination could be seen in the beta and gamma bands, so partial coherence was not used for these bands. ICA analysis was performed using EEG Lab. All additional preprocessing procedures, and the additional spectral power and coherence calculation were performed using the same homemade MATLAB (The MathWorks, Natick, MA) scripts as previously used in Bai et al. (2005) .
TMS
Magnetic stimulation was delivered using two custom-made figureof-eight coils (external diameter: 50 mm), connected to two highpower Magstim 200 stimulators (Magstim Ltd, Whitland, Dyfed, UK). Stimulations with the test coil were applied over the scalp at the point that evoked the largest MEP in the contralateral FDI ("motor hotspot"). The M1 coil was held tangentially to the scalp, at a 45°a ngle from the anteroposterior axis and with the handle pointing posterolaterally. Resting motor threshold of the FDI (RMT FDI ) was measured for each subject and defined as the lowest intensity that induced a 50-V peak-to-peak amplitude MEP in at least five of ten trials. The conditioning coil was positioned over the left PPC, more precisely over the most posterior part of the intraparietal sulcus (pIPS). The center of the coil was positioned over pIPS tangentially to the skull, with the handle pointing downward and slightly medial (10°) to induce a posterior-anterior-directed current in the underlying cortical tissue. This orientation was chosen based on a previous description by Koch et al. (2007) . Neuronavigation (Brainsight, Magstim Ltd) was used for precise positioning of the conditioning coil. Magnetic resonance imaging (MRI) data specific to each participant were used to ensure correct placement of the coil over the pIPS. Each individual MRI was normalized a posteriori onto the Montreal Neurological Institute (MNI) brain template using the same software. pIPS stimulation coordinates were then expressed with respect to the MNI standard space. The mean normalized MNI coordinates of the pIPS stimulation sites were 15.94 Ϯ 1.97, Ϫ60.74 Ϯ 2.83, and 60.24 Ϯ 1.83 (mean ϩ SE). The mean coordinates belong to Brodmann area 7 according to the Talairach atlas. The mean location of the conditioning coil is shown in Fig. 2A . The positions of the M1 coil were marked on a tight-fitting cap to ensure proper coil placement throughout the experiment; the position of the PPC coil was monitored using Brainsight. Figure 2B shows the placement of both coils on the head. TMS-evoked MEPs were recorded at five different time points. A baseline recording (t pre ) was done prior to a 10-min motor training session and four posttraining recordings were done at 0 (t 0 ), 30 (t 30 ), 60 (t 60 ), and 180 (t 180 ) min after training. In all recordings the conditioning stimulus was applied at 90% RMT FDI . Four interstimulus intervals (ISIs) between conditioning and test pulses were tested for each participant (in ms): 2, 4, 6, and 8 (Koch et al. 2007 ). The test stimulus was applied over the motor hotspot at an intensity set to evoke an MEP of 1 mV over the FDI at rest. Sixty stimuli were applied for each of the five recordings (12 test pulses only and 12 for each of the four ISIs). The presentation of stimuli was pseudorandomized and the intertrial interval between stimuli was set to 5 s, and each TMS session took 5 min. During TMS sessions, EMG from FDI was monitored. MEP size was determined by averaging peak-to-peak amplitudes.
Behavioral Measures
Performance on the rhythmic learning task was measured by calculating the correctly pressed (CP) intervals within each sequence repetition. A tap was considered to be correct if it was made within one third of the onset-to-onset duration before or after the pacing stimulus and the raw score of CP intervals for each rhythm repetition was calculated. Performance on the dual task was measured by recording the interresponse intervals (IRIs) between button presses, and a mean IRI for each element of the sequence was computed in each individual. The mean IRIs were compared with the "target intervals" of the rhythm as it was presented during the learning task to assess whether participants could correctly repeat the rhythm from memory.
Statistical Analysis
To stabilize the variance of the EEG data prior to further statistical assessment (Halliday et al. 1995; Rosenberg et al. 1989 ) spectral power and coherence were transformed using a logarithmic (log) transformation (Halliday et al. 1995) 
All data were checked for normality distribution using the Kolmogorov-Smirnov test. If the data were not normally distributed (this was only in the case of C3-C4 TrCoh) a logarithmic transformation was performed to normalize the data. Since TrCoh contains both positive and negative values a constant of 100 was added to get all values over zero before the log transformation. To test for changes and group differences in the behavioral, TMS and EEG data several repeated-measures ANOVAS were done: rhythmic learning task data were analyzed with an ANOVA, with CP as the dependent variable and both modality (visual/auditory) and repetition (1-98) as independent measures. Dual-task data were analyzed with an ANOVA, with IRI as the dependent and modality as the independent variable. PPC-M1 connectivity at rest was analyzed with an ANOVA, with MEP size as the dependent and ISI (TS alone, 2 ms, 4 ms, 6 ms, and 8 ms) as the independent variable. Training-induced changes in the PPC-M1 connection were investigated with an ANOVA with MEP size as the dependent and ISI (2 ms, 4 ms, 6 ms, 8 ms), Training (t pre , t 0 , t 30 , t 60 , t 180 ), and Modality (visual/auditory) as the independent variables and, after that, with an ANOVA in which the factors modality and ISI were collapsed. The main EEG analysis focused on the electrodes P3 and C3. TrPow was analyzed with an ANOVA with the repeated factors Site (C3, P3), Band (␣, low ␤, low ␥), Time (early, late), and Modality (auditory, visual) as the between-groups factor and TrCoh changes were investigated with an ANOVA with the independent factors Band (␣, ␤, ␥) and Time (early, late) and Modality (visual, auditory). Post hoc comparisons were done using the Fisher's Least Significant Differences (LSD) test. To check for specificity of TrPow and TrCoh results two additional ANOVAs were done for the control site C4. TrPow in C4 was analyzed using Band (␣, low ␤, low ␥) and Time (early, late) as the repeated factors and Modality (auditory, visual) as the between-groups factor. TrCoh between C3 and C4 was analyzed with an ANOVA with the independent factors Band (␣, ␤, ␥) and Time (early, late) and Modality (visual, auditory).
Pearson product-moment correlations were used to liberally explore if changes in PPC-M1 connectivity correlated with learning. Correlations between different behavioral measures (CP early training, CP late training, CP improvement during training) and EEG measures (TrPow and TrCoh during early and late training as well as TrCoh and TrPow changes over training) were explored in all investigated frequency bands (␣, ␤, ␥). All statistical analyses were performed using Statistica 9.1 (Statsoft, Tulsa, OK).
RESULTS
Behavioral Data
Mean performance (averaged over all 9 sequence intervals and all participants) for the rhythmic learning task is shown in Fig. 3A . A repeated-measures ANOVA with CP as the dependent variable and both modality (visual/auditory) and repetition (1-98) as independent measures showed a significant main effect for repetition [F(97) ϭ 3.09; P Ͻ 0.001] but not for modality [F(1) ϭ 1.27; P ϭ 0.27]. An interaction effect could The performance during the dual task is shown in Fig. 3B . To check for differences in IRIs between auditory and visual learners a repeated-measures ANOVA with IRI as the dependent and modality as the independent variable was performed and revealed no significant main effect for modality [F(1) ϭ 0.06; P Ͻ 0.8]. No interaction effect could be observed between modality and IRI. Mean answer for the letter-counting task was 13.22 Ϯ 0.57 in the auditory and 13.88 Ϯ 0.35 (mean ϩ SE) in the visual group (the correct answer was 15). A Student's t-test showed no difference between groups.
TMS Results
To investigate the PPC-M1 connectivity at rest a repeatedmeasures ANOVA with MEP size as the dependent and ISI (TS alone, 2 ms, 4 ms, 6 ms, and 8 ms) as the independent variable was performed and revealed a significant main effect for ISI [F(4) ϭ 3.76; P ϭ 0.018]. Post hoc tests confirmed that there was a significant facilitation of MEPs when the CS was given 2 ms prior to the TS (P ϭ 0.01). Figure 4A shows the M1-PPC interaction at rest.
To check whether motor training had an effect on the excitability of M1 in general, a repeated-measures ANOVA was performed using the stimulator intensity used to evoke an MEP of 1 mV for the TS as a dependent variable and Training time point (t pre , t 0 , t 30 , t 60 , t 180 ) as the independent variable. No significant effect of training on M1 excitability was observed [F(4) ϭ 1.49; P ϭ 0.21].
Before comparing pre-and posttraining, MEPs for each participant were normalized to the test pulse for each ISI to express change in MEP in percentage, with respect to the baseline. To test for training-induced changes in the PPC-M1 connection a 4 ϫ 5 ϫ 2 repeated-measures ANOVA with MEP size as the dependent variable and ISI (2 ms, 4 ms, 6 ms, 8 ms), Training (t pre , t 0 , t 30 , t 60 , t 180 ), and Modality (visual/auditory) as the independent variables was performed. The factor Training showed a trend [F(4) ϭ 2.23; P ϭ 0.076], but none of the other main effects or interactions was significant. Figure 4 , B-E shows all posttraining curves compared with the pretraining TMS. To further focus on the effect of Training and to increase the power of our ANOVA the nonsignificant factors modality and ISI were collapsed. In a second repeated-measures ANOVA with only the independent factor Training (t pre , t 0 , t 30 , t 60 , t 180 ) a significant training effect [F(4) ϭ 0.55; P ϭ 0.0004] was observed. Post hoc tests confirmed that directly after training was concluded (t o ) there was a significant reduction in MEP size compared with pretraining (P ϭ 0.007).
EEG Results
Analysis of TrPow and TrCoh was focused on the electrodes corresponding roughly to stimulation spots during TMS (electrodes C3 and P3). To test PPC-M1 connectivity TrCoh was calculated for the electrode pair P3-C3. TrPow and TrCoh were calculated for early (first minute) and late (last minute) training. To investigate changes in TrPow during learning a 2 ϫ 3 ϫ 2 ϫ 2 repeated-measures ANOVA was used with the repeated factors Site (C3, P3), Band (␣, low ␤, low ␥), Time (early, late), and Modality (auditory, visual) as the betweengroups factor. No significant main effects were found. However, there was a significant Site ϫ Time ϫ Modality and a significant Band ϫ Time ϫ Site ϫ Modality interaction [F(1) ϭ 5.50; P ϭ 0.037 and F(2) ϭ 7.74; P ϭ 0.002, respectively]. Due to the large number of comparisons in this interaction and to minimize false positive P values, only Bonferroni-corrected comparisons are reported as significant (P ϭ 0.005/24). Post hoc testing confirmed significant power increases during learning in the ␣ band for both sites (C3 and P3) and both learning groups (visual and auditory). ␤ showed the same general pattern even though power increases were not significant, except for C3 in the auditory learning group. In the ␥-band no general trend for a power increase could be observed; however, a significant decrease in TrPow in P3 was seen for the auditory learning group. For TrPow results see Fig. 5 . To check that the observed changes in TrPow were specific to P3 and C3 an additional test was run for the control electrode (C4). A 3 ϫ 2 ϫ 2 ANOVA with the within-factors Band (␣, low ␤, low ␥) and Time (early, late) and the between factor Modality (auditory, visual) was done and revealed no significant main effects or interactions [Main effects: Modality: F(1) ϭ 0.09; P ϭ 0.77; Band: F(2) ϭ 2.43; P ϭ 0.11; Time: F(1) ϭ 0.79; P ϭ 0.39].
To investigate changes in TrCoh during training a second 3 ϫ 2 ϫ 2 repeated-measures ANOVA was used, with the independent factors Band (␣, ␤, ␥), Time (early, late), and Modality (visual, auditory). The analysis showed a significant main effect for Time [F(1) ϭ 5.99; P ϭ 0.046]. TrCoh data are shown in Fig. 6 . No other significant main effects or interactions were seen. To check if the changes in TrCoh were specific to the P3-C3 connection, an ANOVA was done for the interaction between the left and the right motor cortex (C3-C4). As in the P3-C3 ANOVA the independent factors were Band (␣, ␤, ␥), Time (early, late), and Modality (visual, auditory) . No significant main effects or interactions were seen in this comparison [Main effects: Modality: F(1) ϭ 0.56; P ϭ 0.466; Band: F(2) ϭ 2.42; P ϭ 0.11; Time: F(1) ϭ 0.73; P ϭ 0.41].
Correlations
No significant correlations were observed between behavioral measures and EEG results in any of the tested comparisons.
DISCUSSION
The purpose of the study was to determine whether the functional interactions between PPC and M1 could be modulated by a short period of sensorimotor training. The study produced two main findings on the influence of short-term sensorimotor training on the modulation of PPC-M1 interactions. First, TrCoh between PPC and M1 was higher during the early compared with the late phase of sensorimotor training. Second, the facilitation in the PPC-M1 pathway at rest was abolished immediately following sensorimotor training, but had returned toward baseline at 30, 60, and 180 min after training. Taken together, the results indicate that PPC-M1 interactions are modulated during the early phase of motor training when sensory information has to be integrated into a coherent movement plan. However, once the new learned sequence is encoded and the movement becomes automated, PPC-M1 interactions become less important and stay downregulated for a short period beyond the training session.
Sensorimotor Training
Participants improved their performance of tapping in synchrony to the presented rhythms mainly during the first minute of practice and performance plateaued for the remainder of the 10 min of training. Participants were also able to reproduce the rhythm freely and without paying attention to the sequence during the dual task at the end of the training session. Taken together these data confirmed that behavior was fairly automated by the end of the sensorimotor training session. During the mid-training phase a significant performance difference between auditory and visual learners was observed (approximately around minutes 2 to 5) but no changes in performance could be seen during early and late training. Slight differences in performance are in line with earlier behavioral studies reporting more accurate performance during auditory than during visual synchronization tasks (Kolers and Brewster 1985; Repp and Penel 2002) . However, small performance differences seem to have little effect on neural activity once the rhythms are encoded. Karabanov (2008) showed that trained rhythms activated the same network independent of training modality. Therefore, we do not expect that the small performance differences observed in the mid-learning phase interact with our TMS and EEG findings concerning the early and late training phases.
Parietal-Motor Connectivity During Sensorimotor Training
The EEG results indicate that both intraregional activity in motor and parietal regions and interregional parietal-motor coherence were enhanced during the early phase of sensorimotor training, but returned to baseline when the task had become well-trained and automated. Intraregional activity in the PPC and M1 during training was assessed by calculating TrPow. In the ␣ band, cortical activation was high during early training, but returned to baseline toward the end of the training session in both the parietal and primary motor cortices. A similar pattern of activation was observed in the ␤ band, although most of these differences there did not reach significance. These findings are consistent with earlier observations that have suggested that both ␣ and low ␤ band activity are important for motor learning and sensorimotor processing (Andres et al. 1999; Gerloff et al. 1998; Stancak and Pfurtscheller 1996) . For example, Andres et al. (1999) found that both the PPC and M1 regions were especially active during early practice of a bimanual task, but decreased their activity throughout training. In addition, several functional imaging studies Shadmehr and Holcomb 1997) support the idea that neural activity, especially in the parietal areas, is especially important during early motor learning. In contrast, neither a decrease in TrPow during early learning nor a general trend for decreasing regional activity during learning was observed in the ␥ band. No training-related intraregional changes could be observed in the right motor cortex.
Interregional connectivity between PPC and M1, measured by TrCoh, was greater during early (first minute) sensorimotor training in the ␣, ␤, and ␥ bands compared with the end (last minute) of sensorimotor training. These results support the findings of previous studies (Andres et al. 1999 ) that the functional connectivity between various brain regions can undergo rapid use-dependent changes that are related to be- havioral performance. Additionally, there was no significant difference in interregional M1-PPC connectivity depending on visual or auditory training. Interregional connectivity between left and right primary motor cortex did not significantly decrease during training. This shows that the observed TrCoh changes were not due to a nonspecific whole-brain effect. The finding also relates to earlier studies on TrCoh changes during motor learning. Anders et al. (1999) showed that, whereas TrCoh between motor cortices decreased with training of bimanual tasks, there was no significant decrease in interhemispheric M1 connectivity when training a unimanual task.
In general TrPow and TrCoh measures indicate that regional activity in parietal and motor areas as well as interregional communication between these areas are important during the acquisition of a new motor routine but decrease once the motor sequence is well trained and automated.
PPC-M1 Connectivity at Rest
In a series of studies, Koch and colleagues identified the existence of a facilitatory pathway between PPC-M1 pathway using paired-pulse TMS. In the present study, a CS at an intensity of 90% of RMT applied to the PPC facilitated the MEP evoked over the ipsilateral M1 at rest, which is similar to previous studies that have investigated this pathway (Koch et al. 2007 (Koch et al. , 2008a . However, Koch et al. (2007) found that the facilitation of M1 was greatest at an ISI of 4 ms, whereas the facilitation was greatest at 2 ms in the current study. Both of those intervals are relatively short. One possible explanation for such short ISIs is that the CS activates not only polysynaptic but also monosynaptic connections: The superior longitudinal fasiculus (SLF) is the main fiber tract connecting the PPC and frontal areas and, even though most of its fibers terminate in prefrontal areas (Battaglia-Mayer et al. 2003; Petrides and Pandya 1984; Picard and Strick 1996) , it has been suggested that a fraction of these fibers terminate directly in M1. Anatomically, the SLF is divided into three subdivisions (Makris et al. 2005; Petrides and Pandya 1984; Schmahmann et al. 2007 ): The SLF-I whose tracts start in the white matter of the superior parietal lobule and lead through the pre-and postcentral gyrus to dorsal premotor and dorsolateral frontal areas; the SLF-II, which links the angular gyrus via the postand precentral gyrus with caudal-lateral prefrontal regions; and the SLF-III that connects the supramarginal gyrus to ventral premotor and prefrontal regions (Makris et al. 2005) . Especially the SLF-1 tracts are thought to have some direct projections to M1 (Johnson et al. 1996; Koch et al. 2010) . Potentially, these direct projections are responsible for the effects observed at short ISIs. Furthermore, a recent study by Groppa et al. (2012) provides evidence that even polysynaptic connections via the premotor cortex could be responsible for the facilitation effect: They demonstrated that a CS over the premotor cortex given 2-4 ms after a test pulse over M1 was able to facilitate MEPs evoked by the test stimulus. This is possible because the MEP elicited by a TMS pulse is not caused by direct excitation of the corticospinal fibers (called direct wave or D-wave) but appears to arise via intracortical circuits (called indirect waves or I-waves) (Di Lazzaro et al. 1999) . The presence of the I-waves indicates that there is a window of 2-4 ms after the TS is given, in which a conditioning pulse can still modulate the MEP elicited by the TS. The existence of these short-latency premotor-motor connections would allow enough time for a polysynaptic PPC-premotor-motor pathway to be activated, even with the short ISIs that were observed in this study. The slight differences in the time course of PPC-M1 connectivity between this study and the work by Koch et al. (2007) could be due to differences in coil placement relative to the specific PPC subdivision targeted by the CS. In the present study, the mean stimulation site lay in Brodmann area 7, which is part of the superior parietal lobule and therefore likely to activate the white matter tracts of the SLF-I. In contrast, in the study by Koch et al. (2007) the location of the conditioning coil was closer to the angular gyrus, which most likely stimulated the underlying white matter tracts of the SLF-II. It has been shown that TMS is sufficiently selective to activate different subdivisions of the PPC, which can lead to different effects of CS on the TS elicited over M1. For example, there is evidence that stimulation of the aIPS, results in an inhibition of the ipsilateral and the contralateral M1 instead of a facilitatory effect (Koch et al. 2007 (Koch et al. , 2009 ) and that anterior and the posterior sites are differently modulated by different handmotor tasks (Koch et al. 2010) . In summary, coil placement seems to be critical in detecting PPC-M1 connectivity.
Parietal-Motor Connectivity After Sensorimotor Training
Paired-pulse TMS assessments of PPC-M1 connectivity were performed before and at 0, 30, 60, and 180 min after sensorimotor training was concluded. The facilitating effect of the PPC CS on the ipsilateral M1 MEP that was observed before sensorimotor training was abolished directly after training. However, this effect was transient and facilitation returned 30 min after the training and remained for all subsequent time points. The suppressed facilitation observed directly after training was contrary to our initial hypothesis, but complements the changes observed in parietal-motor connectivity during sensorimotor training and demonstrates that parietal-motor connectivity remained down-regulated even shortly after training ended. This effect was independent of the modality that was used for sensorimotor training.
We suggest that both the decreasing interregional connectivity during sensorimotor training and the suppressed facilitation seen after training are due to the specific nature of the sensorimotor training task: During early training when integration of sensory information in the motor plan is crucial, connectivity between parietal and motor areas is increased; however, once the sequence is successfully encoded and the motor plan automated, participants no longer rely on the external sensory information to guide their movements but use their internal movement plan instead. During this automatic stage when the relevant sensory information has already been incorporated in a movement plan, parietal-motor connectivity might be even suppressed to avoid unnecessary and potentially conflicting sensory inputs. Additionally, the data suggest that parietal-motor connectivity is important for both auditorymotor and visual-motor integration, since we were not able to show any differences in functional parietal-motor connectivity based on the training modality.
Some studies have shown that sensorimotor training can increase primary motor excitability (Jensen et al. 2005; Kolers and Brewster 1985; Ljubisavljevic 2006; Pascual-Leone et al. 1995) . In this study we did not observe a direct effect of sensorimotor training on primary motor cortex excitability. This can be explained by several factors: First, significant changes in primary motor cortex excitability often require repeated training sessions (Jensen et al. 2005; Pascual-Leone et al. 1995) . Second, in all experiments that show increased M1 excitability the trained movement directly engaged the target muscle where MEPs were recorded. We used the FDI muscle to get a general read-out of changes in the effectiveness of the PPC-M1 interaction but the FDI was not the primarily engaged muscle during finger tapping.
Study Limitations
The conclusion that parietal-motor connectivity is increased during early learning is based on our EEG data. For further validation of the role of parietal-motor connectivity during early learning it would be of interest to perform TMS studies testing parietal-motor connectivity during the early phase of motor learning. Based on our EEG results, TMS measures of parietal-motor connectivity should increase after the early training phase. In the future, experiments that closely investigate the time course of parietal-motor connectivity during different learning phases will be of great importance to further demonstrate the role of parietal-motor integration during early learning and to add proof for the comparability of different measures of functional connectivity.
A possible caveat of this study is that it does not address the possibility that the changes in observed interregional connectivity could be due to motor activity rather than to sensorimotor integration and motor training. First, it is important to emphasize that we are not claiming that the observed changes are sequence learning specific, but that modulations in parietalmotor connectivity might be expected to occur in any task requiring training of a motor-sensory synchronization task. It is therefore difficult to find an experimental control since any repetitive motor activity, such as isometric tapping at a fixed frequency, will have a practice component and most often require sensorimotor integration (e.g., if the tapping is externally paced). Completely free movements on the other hand will not necessarily be comparable in terms of the amount of movement.
Other studies that have attempted to control for the effect of movement in similar experiments also support the claim that changes in intra-and interregional activity are dependent on motor practice rather than on motor activity alone. Pascual-Leone and colleagues studied plastic changes in primary motor cortex during a 5-day training period of a motor sequence and could show that both motor and mental practice of the sequence but not movement alone had a significant effect on motor plasticity (Pascual-Leone et al. 1995) . Also studies on interregional connectivity suggest that the observed changes are likely due to learning and training and not to movement. Andres et al. (1999) demonstrated that TrCoh and TrPow did not significantly decrease over a 30-min training session if participants performed overlearned motor sequences for which performance did not change during training. Significant TrCoh and TrPow changes were seen accompanied only by changes in motor performance. Taken together these findings suggest that the observed findings are indeed due to sensorimotor training and not caused by movement alone.
